Abstract -Deprotonated N(peptide) and N(amide) groups are very strong ckhorswhich help to stabilize the trivalent oxidation states of copper and nickel. The Cu(IIJ,II) potentials are highly dependent on the nature of the coordinated peptide. The lower the electrode potential the slower the redox decomposition reaction of the Cu(III)-peptide to give Cu(II) and oxidized ligand. Methyl groups in place of hydrogens on u-carbon atoms decrease the thermal decomposition, but increase the photochemical decomposition with relatively high quantum yields () in both UV and visible.
of Cu"(H1Aib3) and Cu(H 2Aib3 and a first ionization pH as low as 3.5 for Cu" (H1Aib2) formation (Ref. 5) . The structures of a number of copper(II) and nickel(II) peptide complexes were determined in the extensive x-ray crystallographic studies of Freeman (6) . This work along with solution studies firmly established that when metal ions coordinate to the peptide nitrogen the proton is displaced.
Proton transfer kinetics. The kinetics of the reverse reaction in eq 1 indicate that while protons may attack the coordinated peptide nitrogen, the simultaneous metal coordination and protonation of nitrogen is a transition state and not a stable species (Ref. 1, 7, 8) . On the other hand, the peptide oxygen can be protonated to form stable species which have been isolated in crystalline form (Ref. 9 ) and shown by equilibrium and kinetic studies to exist in solution (Ref. [9] [10] [11] [12] [13] [14] . Figure 1 shows the protonation pathways. We have termed the N-peptide proton transfer mechanism an "inside" protonation because it takes place with an atom in the inner coordination sphere of the metal and we have termed the reaction at the peptide oxygen an "outside" protonation because the oxygen atom is outside the first coordination sphere of the metal. The outside protonation pathway is not general-acid catalyzed and the protonated species may be present as a major species in solution with PKa values of 1 to 4. The inside protonation pathway is general-acid catalyzed and displays special characteristics which indicate that simultaneous metal ion solvation occurs. Thus, the bring the reactants together) to a larger energy term which arises from the need to solvate the metal ion as shown in Fig. 1 . The three curves drawn in Fig. 2 interfere with the equatorial coordination of trien and also decrease the rate of opening the peptide chelate ring.
There is strong evidence for combined nucleophilic and acid attack. This is observed in two ways. One is the special effectiveness of coordinating acids in protonation studies ('Ref. 7) . This is attributed to the axial coordination of the nucleophilic end of these acids while the acidic end takes part in a general acid catalyzed proton transfer to the peptide nitrogen. A second important behavior is a proton-assisted nucleophilic mechanism in which a proton attacks the peptide nitrogen as a nucleophile coordinates the metal (Ref. 11, 26) . This is very similar to the behavior described in the general-acid catalysis where the WR term is associated with metal ion solvation. The stronger nucleophiles permit proton transfer to the peptide nitrogen to occur more readily and this protonation in turn tends to reduce the metal coordination number making the nucleophilic attack more favorable. It is worth noting that the spontaneous nature of these reactions led directly to our studies of the chemistry of Ni(III) peptides and Cu(III) peptides as well as their photochemical behavior.
COPPER(III) PEPTIDES
Properties of Cu(III) peptide complexes. Some of the evidence for the existence of trivalent copper in the peptide complexes has been reviewed recently (Ref. 31 ). In addition to O2 oxidizing agents such as IrC162 and 52082 can be used. Electrochemical oxidation in a flow-through electrolysis column is a convenient way to generate Cu(III)-peptide complexes. The resulting complexes are able to oxidize iodide ion or ascorbic acid with full recovery of the original peptide, which indicates that the metal center rather than the peptide has been oxidized. The redox reaction in eq 3 was used in competition with the acid-base
reactions of Cu(H3G4)2, Cu11(H2G4, Cu(H1G4) and CuG4 to establish that the stoichiometry of the Cu(III) species was Cu'(H 3G4 and to obtain its electrode potential (Ref.
32). The Cu(III) complex does not dissociate in dilute acid, while the Cu(II) complex dissociates rapidly. The sluggish substitution reactions of the Cu(III) complex and its ability to pass through an ion exchange column which removes Cu(II) from the peptide was important initial evidence for Cu(III). The eluent had no ESR spectra, the UV-VIS spectra were completely different from that of Cu(II) peptide complexes, and the eluent had oxidizing power. Copper(II) complexes are known to be six coordinate with tetragonally distorted Cu"T(HnL) + 2H20 + e Cu"(HnL)(H20)2 (4) geometry, so the presence of two axial water molecules is expected. The results show, however, that the Cu(III) peptide complex is only four coordinate with no axial solvation.
These results predict that the E° for the Cu(III,II) couple will decrease greatly as the activity of water is reduced. This is the case. As the solvent is changed to one with weaker coordinating properties the E° value decreases markedly. The value for Cu''''''-(H2Aib3) decreases from 0.66 V in water to 0.12 V in acetonitrite.
.
III
The crystal structure of the thermally stable copper(III) peptide complex, Cu The spectral shifts are characteristic of the change from three deprotonated(N-peptide) groups to two deprotonated(N-peptide) groups observed for other Cu(III) peptide complexes. The reaction which takes place is seen in Fig. 4 where the second order rate constant for protonation is 0.02 M1 l, Once again the terminal peptide group of Cu(III) undergoes a substitution reaction, but no other substitution is observed. Even in 4 1 HC1O4 no additional spectral shifts occur although there is a 25% loss of Cu(III) in 30 days (Ref. 35 ).
Amine deprotonation in base. Earlier work reported the ionization of amine protons from Cu(III)-peptide complexes at pH [11] [12] . The color change from yellow to red in these reactions is striking, but a stopped-flow vidicon spectrometer was needed to obtain spectra of the red species because of the rapid redox decomposition reactions in base. The
Cu"(H2Aib3) complex, with no hydrogens on the c-darbons,is much more stable in base and the full UV-VIS spectral shifts of the amine deprotonation reaction to give Cu1"(H3Aib3)
Metal peptide complexes . On the other hand, both of these complexes decompose in a few minutes at pH 0 or pH 14. Figure 6 shows the log of the rate constant for redox decomposition at pH 11 plotted against E° for Cu(III,II) couples. As the E° increases the redox decomposition rate increases. The half nm C(H3AIb3a)
CJ"(tt2Aib3ø)
200 OO 400 500 600 700 800 nm The photolysis reaction gives Cu(II) and a 50% recovery of the initial Aib3.
products are NH3, acetone, C02, Aib2, Aib, Aiba and Aib2a as shown in Fig. 8 .
to the visible absorption band, which is assigned to a ligand-to-metal charge life at pH 11 is two months for Cu"(H3Aib3a) compared to 0. the peptide x orbital. ci-LIICT refers to the UV absorption band, which is assigned to a ligand-to-metal charge transfer from the o coordinate bond. The ir-LMCT absorption leads to products A and B in 4.3/1.0 ratio, whereas the a-UICT absorption leads to products A, B and C in the ratio 1.2; 1.0; 0.67. The products all result from C-C bond fission with A, B, and C products from the first, second, and third chelate rings, respectively. The initial products are believed to be isocyanates and Schiff bases which hydrolyze to the identified products. In the proposed mechanism the primary photoproducts are a and r copper(II) amidyl radicals which undergo rapid fragmentation reactions.
The magnitude of the quantum yields is reduced as CH3 groups on the m-carbon atoms are replaced by hydrogen. Thus, A3 is less photoactive than Aib3, and 04 is much less photoactive than Aib3G. Methyl groups have the opposite effect on the thermal stability with the interesting result that the Cu(III) peptides which are more stable to thermal redox decomposition are also more sensitive to photochemical decomposition. It is possible to study cross reactions of the type shown in eq 5 because of the spectral Cu'11(H2Aib3) + Cu'1(H3L)
Cu11(H 2Aib3)+ Cu'(H3L) (5) shifts which occur in these two types of Cu(III) complexes. The larcus correlation in eq 6 k12 (k11k22K12f)2 (6) gives the cross exchange rate constant when the two self-exchange rate constants, k11 and k22, are known. The self-exchange rate constant for the electron transfer between Cu'''-(H2Aib3) and Cu11(H2Aib3Y has been measured by NMR line broadening of the methyl protons in Cu"(H2Aib3) upon the addition of small amounts of Cu"(H2Aib3Y (Ref. 39) . Figure 9 shows a plot of log k12/f2 against log K12 where K12 is the equilibrium constant for the In order to confirm the outer sphere nature of electron transfer additional cross reactions were measured for reactions with Ru(II) complexes, where there is no possibility for innersphere bridging (eq 7 and 8). The self exchange rate constants for the Ru(III,II) electron Cu"(H3L) + Ru(NH3)62
Cu"(H3L) + Ru(NH3)63 (7) Cu'(H3L) + Ru(NH3)5py2
Cu"(H3L) + Ru(NH3)5py3 (8) transfer reactions are known. The rate constants for eq 7 and 8 are accurately predicted by Marcus theory (within a factor of 2) using the self-exchange rate constants measured for the Cu(III,II) peptide couples (Ref. 40 ).
On the other hand, the reactions between Jr '11TCl2 and Cu'11"(H L) complexes are much faster than predicted. Excellent Marcus plots are obtained, but the apparent self exchange rate constant becomes 3 x 108 M l for Cu"(HL) (Ref. 41 ). This increase of four orders of magnitude in the apparent self-exchange rate constant suggests a more facile reaction path exists which involves Cl bridging between Cu and Jr. The axial coordination position is unoccupied in Cu(JJJ) complexes and the axially coordinated water in the Cu(II) complexes is very labile. Hence, the suggested bridging species can form readily, although the association is expected to be very weak.
The reaction kinetics of Cu(JJJ) peptides with Fe(CN)64 were measured in order to test the concept of a bridging inner sphere mechanism (Ref. 42 ). The observed k12 rate constants are factors of 4 to 40 greater than the rate constants predicted from the known self exchange rate constants. This corresponds to apparent self exchange rate constants which are 16 to 1600 greater than expected for Cu(JII,II). A bridging mechanism is suggested as shown in In addition, an enhanced reaction path with inner-sphere electron transfer is suggested. In these inner sphere reactions the bridging group is not transferred, however, the bridging group enhances the electron transfer.
NICKEL(III) PEPTIDES
Properties of nickel(III) peptide complexes. The evidence for trivalent nickel includes chemical and electrochemical oxidation, redox stoichiometry, sluggish substitution reactions, and UV-visible spectral shifts.
In addition, electron spin resonance indicates that Ni(III) is present and gives information about its coordination geometry in the frozen solution state (Ref. It is much easier to find axially coordinated ligands in the frozen state than is the case for the same composition of solutions at room temperature. Although the solutions are plunged into liquid nitrogen for a relatively quick freeze, the process shifts the equilibrium by many orders of magnitude to give axial species in the frozen state which may be in negligible concentration at room temperature. Chelating ligands with nitrogen donors form strong adducts with Ni(III) peptides. The addition of terpyridyl to Ni"(H2GAG) gives a frozen ESR spectra that indicates terpy coordinates to both axial positions (Fig. 11) . Shifts in the room temperature ESR permit a stability constant (log K1 = 11.8) to be determined for the 1:1 adduct (Ref. 45 ). This is a very stable complex. Ni'(H2Aib3) complex gives rate constants which are consistent for outer-sphere electron transfer with several different reducing agents. These results suggest that a value of 550 N' s' represents a valid outer-sphere electrontransfer rate constant for this nickel complex. Table 1 also shows that the k12 rate constant for the reaction of Ni(H2Aib3 with IrC162 is a factor of 1.7 x larger than expected for this k11 value. Hence, an inner-sphere electron transfer path again appears to be important. In the case of Ni(III,II) peptides the enhancement due to the inner-sphere path even more pronounced than is the case with Cu(III,II) peptides.
